Introduction
============

Immune responses are mediated via cell-to-cell contact or secretion of soluble mediators. In both instances, receptor molecules transmit this information from the cell\'s surface to its interior, thereby transducing a cascade of intracellular events. Numerous cellular receptors on the T cell surface have been studied for their role in immune responses; however, the signaling pathways activated after ligands bind to such receptors are not completely understood. Mitogen-activated protein (MAP)[\*](#fn1){ref-type="fn"} kinase signaling pathways are involved in control of immune responses ([@bib1], [@bib2]). MAP kinases link cell-surface receptors to regulatory intracellular targets leading to the control of pivotal processes such as gene expression, cell proliferation and motility, cell survival, and death ([@bib3]). At least four groups of MAP kinases are expressed in mammals: extra cellular signal--related kinases (ERK) 1--2, ERK5, p38 proteins, and c-Jun NH~2~-terminal kinases (JNK1/2/3; reference [@bib3]).

The JNKs, also known as stress-activated protein kinases, phosphorylate the transcription factors c-Jun (part of AP-1 complex), JunD, ATF2, ATFa, Elk-1, Sap-1, nuclear factor of activated T cells (NFAT)c1, and NFAT4 ([@bib1], [@bib2], [@bib4], [@bib5]). Three JNK genes have been identified: JNK1, JNK2, and JNK3, and their alternative splicing results in at least 10 isoforms of JNK ([@bib6]). JNK1 and JNK2 are ubiquitously expressed, whereas JNK3 is expressed mainly in brain, testis, and heart. JNK is involved in cell death, proliferation, and differentiation as well as cells\' response to stress such as ultraviolet light and proinflammatory molecules. Although lymphocyte development is normal in JNK1-deficient (−/−) mice ([@bib7]) and JNK2^−/−^ mice ([@bib8]), differences in lymphocyte responses have been observed. For example, when naive CD4^+^ T cells are stimulated in vitro with polyclonal antibodies (against CD3 and CD28) or mitogen, these cells from JNK1^−/−^ mice preferentially differentiate into a Th2 phenotype and show a decreased activation-induced cell death ([@bib7]), whereas CD4^+^ T cells from JNK2^−/−^ mice show impaired IFN-γ production and a diminished Th1 response ([@bib8]). One in vivo consequence of such defects has been shown to affect *Leishmania major* infection of JNK1^−/−^ mice bred on a genetically resistant background. Such mice fail to resolve the infection, showing enhanced, noncurative Th2 Leishmania-specific responses ([@bib9]). Hence, it is thought that JNK1 MAP kinase is required for effective polarization toward a Th1 response in vivo ([@bib9]).

Because JNK has a critical role in Th activation and JNK activity is also detectable in CD8^+^ T cells (see Conze et al. in this issue \[[@bib10]\]), we evaluated the role of these MAP kinases in physiological CD8^+^ T cell--mediated immune responses. CD8^+^ T cells play a critical role in the control of many viral pathogens, including lymphocytic choriomeningitis virus (LCMV). LCMV is a natural pathogen for mice. Because the T cell response to LCMV is well characterized in mice, these mice have been used extensively to explore molecular and cellular mechanisms of viral clearance and viral persistence (for a review, see reference [@bib11]) as well as regulation of the immune response ([@bib12], [@bib13]) of both primary and memory phases. After infection with LCMV, adult immunocompetent mice mount a robust virus-specific CD8^+^ T cell response that clears the virus infection ([@bib14], [@bib15]). Kinetically during the LCMV infection, the virus-specific CD8^+^ and CD4^+^ T cell populations expand ([@bib16]--[@bib19]), followed by a contraction phase in which many of these cells die by apoptosis; a stable life-long population of memory CD8^+^ T cells remains ([@bib19]--[@bib23]), and a CD4^+^ T cell memory population declines slowly ([@bib19]). Further, the LCMV model has been used to evaluate the physiological contributions of many soluble mediators and cell-to-cell contact molecules to the antiviral immune responses ([@bib24]--[@bib31]).

The role of MAP kinases in antiviral CD8^+^ and CD4^+^ T cell immune responses has not previously been established. In this paper, we evaluate the immune responses to LCMV infection as influenced by JNK1 and JNK2 MAP kinases. This was accomplished by study of mice genetically deficient for either JNK1 or JNK2, by using staining of virus-specific induced IFN-γ producing CD4^+^ and CD8^+^ T cells and tetramer staining of viral-specific CD8^+^ T cells ([@bib17], [@bib18], [@bib32]). Our results reveal that JNK1 and JNK2 assume distinctly different functions in CD8^+^ T cell activation and expansion.

Materials and Methods
=====================

Mice.
-----

The generation, breeding, and use of JNK1 genetically deficient (knockout; JNK1^−/−^), JNK2 genetically deficient (JNK2^−/−^), and JNK^+/+^ mice has been described ([@bib7], [@bib8]). Mice in each group were backcrossed to C57BL/6 for 6--8 generations. Breeding and maintenance were performed under specific pathogen-free conditions at Scripps Research Institute (La Jolla, CA) and at Yale University (New Haven, CT).

Virus, Virus Quantification, and Infection of Mice.
---------------------------------------------------

The Armstrong 53b strain (ARM) and the clone-13 (Cl-13) strain of LCMV were used. Virus origins, sequence, growth in baby hamster kidney cells, and titration by standard plaque assay on Vero cells have been described ([@bib33], [@bib34]). Mice were infected when 8 to 15 wk of age by intraperitoneal route using 2 × 10^5^ PFU of LCMV ARM or by intravenous route using 2 × 10^6^ PFU of LCMV-Cl-13 in a volume of 0.2 ml. For analyzing immune memory, mice were infected with 2 × 10^5^ PFU of LCMV ARM intraperitoneally at least 60 d before the second infection with 2 × 10^6^ PFU of LCMV-Cl-13 intravenously.

Peptides.
---------

In vitro epitope-specific stimulation used MHC class I--restricted peptides (glycoprotein \[GP\] amino acids \[aa\] 33--41 \[KAVYNFATC\] and nucleoprotein \[NP\] aa 396--404 \[FQPQNGQFI\]) obtained from Peptidogenic, and MHC class II--restricted peptides (GP aa 61--80 \[GLNGPDIYKGVYQFKSVEFD\] and NP aa 309--328 \[SGEGWPYIACRTSIVGRAWE\]) obtained from Chiron Corp.

CTL Assay.
----------

Primary LCMV-specific CTL activity of splenocytes obtained from LCMV-infected mice was measured in a standard 5-h ^51^Cr release assay as described ([@bib14]). Briefly, ^51^Cr-labeled Balb C17 (H-2^d^) and MC57 (H-2^b^) cells either uninfected or infected with LCMV-ARM at a multiplicity of infection (MOI) of 1 were used as targets 48 h later. Effector cells harvested from spleens of LCMV-infected mice 7 d after infection were added to LCMV infected or uninfected targets at ratios of 50:1, 25:1, and 12:1. Lysis was measured after a 5-h incubation period at 37°C. Samples were set up in triplicate and variance was less than 10%. The results are expressed as the percentage of specific ^51^Cr release ([@bib14]).

In Vitro Epitope-specific Stimulation.
--------------------------------------

Spleens were harvested from JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ mice at different time points after infection. Cells in the spleen were obtained by teasing apart spleens, passing the cells through a nylon mesh, and lysing erythrocytes with 0.83% NH~4~Cl. When appropriate these cells were cultured in RMPI (GIBCO BRL/LifeTechnologies) containing 10 mM HEPES (GIBCO BRL), 50 U/ml penicillin (GIBCO BRL), 50 μg/ml streptomycin (GIBCO BRL), 1 mM sodium pyruvate (GIBCO BRL), 0.1 mM nonessential amino acids (GIBCO BRL), and 50 μM 2-mercaptoethanol. Cytokine intracellular staining was performed on 10^6^ splenocytes stimulated 5 h with 1 μg/ml of MHC-class I peptide (NP aa 396--404 or GP aa 33--41) or 2 μg/ml of MHC class II peptide (GP aa 61--80 or NP aa 309--328) in the presence of 50 U/ml of recombinant human IL-2 (Roche) and 1 μg/ml or 5 μg/ml of brefeldin A (Sigma-Aldrich).

Flow Cytometry.
---------------

Splenocytes were stained for cell surface antigens, using anti-CD8 antibodies conjugated either to allophycocyanin (APC), PE, or FITC, and anti-CD4 antibodies conjugated either to Cychrome or FITC (BD PharMingen), for 20--30 min on ice in PBS containing 1% (vol/vol) FBS and 0.1% (wt/vol) NaN~3~. After, cells were washed two times, fixed, and permeabilized in 4% (wt/vol) paraformaldehyde, and 0.1% (wt/vol) saponin in HBSS. Intracellular cytokine staining was accomplished with incubation of antibodies to IFN-γ PE or IL-2-APC for 30 min on ice in 0.1% (wt/vol) saponin, 1% FBS PBS, followed by two washes and resuspension of cells in 1% (vol/vol) FBS, 0.1% (wt/vol) NaN~3~ PBS, as described ([@bib35]). For annexin-V staining, sodium azide was omitted in all buffers and cells were first stained with surface markers (CD4, CD8, and CD44) and then exposed to annexin-V--conjugated to PE and 7-amino-actinomycin D (7-AAD; BD PharMingen) according to the manufacturer\'s instructions. Cells were acquired on a FACSCalibur™ flow cytometer (Becton Dickinson) and analyzed with CELLQuest™ (Becton Dickinson) and FlowJo (Treestar) software.

Statistical Analyses.
---------------------

Data handling and analysis (Student\'s *t* test) were performed using Prism 3.0 (GraphPad Software).

Results
=======

JNK1^−/−^ and JNK2^−/−^ Mice Clear LCMV Equivalently After an Acute Infection.
------------------------------------------------------------------------------

First, we determined whether a deficiency in the MAP kinases JNK1 or JNK2 would interfere in the viral clearance of LCMV. After inoculation with LCMV ARM intraperitoneally, JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ mice cleared all detectable virus from their sera by 8 d after infection ([Table I](#tbl1){ref-type="table"}) indicating that neither JNK1 nor JNK2 deficiencies prevented the clearance of over 3--4 logs of infectious virus.

###### 

Primary CTL Activity and Function Are Normal in JNK1^−/−^ and JNK2^−/−^ Animals

                     Specific ^51^Cr release[a](#tfn1){ref-type="table-fn"}         
  ----------- ------ -------------------------------------------------------- ----- -----
  JNK1^−/−^   50:1   35 ± 4                                                   \<1   4/4
              25:1   23 ± 3                                                   \<1   
              12:1   14 ± 4                                                   \<1   
  JNK2^−/−^   50:1   40 ± 6                                                   \<1   4/4
              25:1   40 ± 2                                                   \<1   
              12:1   22 ± 5                                                   \<1   
  JNK^+/+^    50:1   27 ± 4                                                   \<1   4/4
              25:1   22 ± 3                                                   \<1   
              12:1   14 ± 2                                                   \<1   

Average of four mice per group, no statistical difference between groups.

To evaluate clearance of infectious virus, sera were harvested 8 d after LCMV inoculation while 2-3 d after inoculation with LCMV-ARM 2 × 10^5^ PFU intraperitoneal viral titers range at 3 logs of infectious virus/ml of sera (references [@bib24] and [@bib35]), at day 8 no detectable infectious virus was observed in any of the sera by plaque assay (reference [@bib33]).

Expansion of Virus-specific CD8^+^ T Cells Is Increased in JNK2^−/−^ Mice during Acute LCMV Infection but CD8^+^ T Cell Immune Functions Are Normal in Both JNK1^−/−^ and JNK2^−/−^ Mice.
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The rapid clearance of LCMV virus during acute infection is mediated by the lytic activity of CD8^+^ CTL ([@bib36]--[@bib38]). Besides this lytic activity, CTL can also secrete cytokines such as IFN−γ and IL-2 upon specific MHC-restricted TCR interaction ([@bib39]). We tested for these two activities in splenocytes prepared 7 d after LCMV-ARM infection. T cells harvested from JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ mice showed an efficient and equivalent MHC-restricted virus specific killing, which correlated directly with clearance of the virus from inoculated mice ([Table I](#tbl1){ref-type="table"}).

The expansion of LCMV-specific T cells peaks at about 8 d after infection ([@bib17]), and up to 70% of total CD8^+^ T cells are virus specific. Immunodominant epitopes for C57BL/6 mice are GP aa 33--41 and NP aa 396--404. At day 7 after infection, the resulting percentages of LCMV-specific CD8^+^ T cells after in vitro stimulation with GP aa 33--41 and NP aa 396--404 were similar for all groups ([Fig. 1](#fig1){ref-type="fig"} and [Table II](#tbl2){ref-type="table"}). Interestingly, at day 8 after infection, JNK2^−/−^ mice showed a statistically significant increase (*P* \< 0.05) in the relative expansion of virus specific CD8^+^ T cells when compared with JNK^+/+^ for both tested epitopes (GP33--41 shown on [Fig. 1](#fig1){ref-type="fig"} and [Table II](#tbl2){ref-type="table"} for NP396--404 and GP 33--41). Similar results were seen in two independent experiments using 3--4 mice per group. In contrast, JNK1^−/−^ and JNK^+/+^ had similar percentages of virus-specific CD8^+^ T cells for these peptides. T cells from naive animals of all groups failed to produce IFN-γ after LCMV-peptide stimulation.

![After LCMV infection, the percentage of virus specific splenic T cells is higher in JNK2^−/−^, but similar in JNK1^−/−^ and JNK^+/+^ mice. JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ animals were injected intraperitoneally with LCMV ARM 2 × 10^5^ PFU. 7 (D7) or 8 (D8) d after infection, spleens were processed and stimulated for 5 h in vitro with virus specific peptide GP aa 33--41. Cells were then stained for CD8 and intra-cellular IFN-γ. Values written in the dot plots indicate the percentage of CD8^+^ T cells positive for IFN-γ.](011481f1){#fig1}

###### 

Splenocytes from 7 and 8 d after LCMV Inoculation Were Stimulated In Vitro with LCMV-specific Peptides and Cytokine Production Was Assessed by Flow Cytometry

                   IFN-γ                                   IL-2                                                                                                                                 
  ----------- ---- --------------------------------------- --------------------------------------- ------------------------------------------- ----------- ----------- ------------ ----------- ------------
  JNK1^−/−^   D7   22 ± 1                                  15 ± 1                                  5.0 ± 0.3                                   1.1 ± 0.3   1.8 ± 0.3   0.6 ± 0.1    2.6 ± 1     0.3 ± 0.05
              D8   36 ± 1                                  18 ± 1                                  4.9 ± 0.5                                   1.7 ± 0.2                                        
  JNK2^−/−^   D7   26 ± 2                                  18 ± 2                                  7.4 ± 1.3                                   1.5 ± 0.2   1.2 ± 0.1   0.6 ± 0.1    4.5 ± 0.5   0.3 ± 0.05
              D8   53 ± 2[c](#tfn5){ref-type="table-fn"}   29 ± 3[c](#tfn5){ref-type="table-fn"}   11.1 ± 1.7[d](#tfn6){ref-type="table-fn"}   1.8 ± 0.4                                        
  JNK^+/+^    D7   23 ± 1                                  14 ± 1                                  6.1 ± 1.0                                   1.4 ± 0.5   1.4 ± 0.1   0.3 ± 0.03   3.6 ± 0.5   1.0 ± 0.4
              D8   30 ± 2                                  16 ± 1                                  6.3 ± 0.9                                   2.3 ± 0.3                                        

D7, day 7; D8, day 8.

Average of four mice per group.

Percentage of CD8^+^ or CD4^+^ positive for cytokine as measured by flow cytometry ± standard error.

*P* \< 0.05 compared to JNK^+/+^.

*P* = 0.05.

As IL-2 plays a role in T cell proliferation, and JNK affects the stability of the IL-2 mRNA ([@bib40]), we next evaluated the percentage of IL-2 producing virus-specific T cells in JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ mice. IL-2--positive CD8^+^ T cells were also positive for IFN-γ. There was no significant difference in the percentage of CD8^+^ T cells secreting IL-2 after stimulation with either one of the two major MHC class I--restricted immunodominant peptides (see [Table II](#tbl2){ref-type="table"}). Additionally, when supernatants of splenocytes stimulated with class I--restricted peptides (GP aa 33--44 or NP aa 396--404) for 25--30 h were tested by ELISA, JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ cells secreted similar amounts of IL-2 (data not shown). T cells from naive animals did not produce IL-2 when stimulated with LCMV-specific MHC class I--restricted peptides. Furthermore, CD25, the high affinity IL-2 receptor was similarly expressed on CD4^+^ and CD8^+^ T cells from LCMV-infected JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ mice (data not shown).

Virus-specific CD4^+^ T Cell Immune Functions Are Normal in JNK1^−/−^ and JNK2^−/−^ Mice Infected with LCMV.
------------------------------------------------------------------------------------------------------------

Having studied CD8^+^ T cell immune functions, we then analyzed CD4^+^ T cell functions by stimulating splenocytes independently with two MHC class II--restricted immunodominant epitopes of LCMV; GP aa 61--80 and NP aa 309--328 ([@bib41]), and measuring the percentage of CD4^+^ T cells induced to produce IFN-γ. Previous studies showed that over 10% of CD4^+^ T cells can be recorded as virus-specific after LCMV peptide stimulation ([@bib20]). Stimulation with GP aa 61--80 or NP aa 309--328 peptide resulted in similar percentage of IFN-γ producing CD4^+^ T cells from JNK1^−/−^ and JNK^+/+^ mice. The percentage of CD4^+^ T cells secreting IFN-γ after a GP aa 61--80 was higher for JNK2^−/−^ cells than for JNK^+/+^ cells.

The percentage of IL-2 secreting CD4^+^ T cells after in vitro stimulation with GP aa 61--80 and NP aa 309--328 MHC class II peptides was assessed (see [Table II](#tbl2){ref-type="table"}). A greater percentage of GP aa 61--80--specific CD4^+^ T cells produced IL-2 from JNK2^−/−^ mice when compared with CD4^+^ T cells from JNK^+/+^ mice, similar to results obtained for IFN-γ. Furthermore, there was a dichotomy between responses to the GP (high response) and NP (low response) CD4^+^ T cell epitopes. When IL-2 secretion was measured by ELISA after GP aa 61--80 stimulation for 25--30 h, virus-specific JNK2^−/−^ and JNK1^−/−^ CD4^+^ T cells produced slightly more IL-2 than CD4^+^ T cells from JNK^+/+^ mice although the difference was not statistically significant (data not shown, *P* \> 0.1). The mean fluorescence intensity was similar for IL-2 and IFN-γ producing CD4^+^ T cells from all groups indicating comparable levels of cytokine production.

Virus-specific T Cell Number Is Differentially Controlled in JNK1^−/−^ and JNK2^−/−^ Mice During Acute LCMV Infection.
----------------------------------------------------------------------------------------------------------------------

During acute LCMV infection, spleens from JNK1^−/−^ never expanded to the size observed in JNK^+/+^ mice. We hypothesized that the expansion of virus-specific T cells could be impaired in JNK1^−/−^ mice. We therefore analyzed relative percentages of CD8^+^ T cells and total numbers of CD8^+^ and CD4^+^ T cells per spleen. 7 d after LCMV infection, JNK^+/+^ and JNK2^−/−^ mice expanded their CD8^+^ T cell population from 16 to ∼40% ([Fig. 2](#fig2){ref-type="fig"}) , while JNK1^−/−^ mice failed to display the degree of relative expansion of splenic CD8^+^ T cells. However, at 8 d after LCMV-infection, the percentage of splenic CD8^+^ T cells in JNK1^−/−^ reached a similar value as that of JNK2^−/−^ and JNK^+/+^ (35, 39, and 40%, respectively). However, upon analysis of the total number of splenocytes, JNK1^−/−^ had 50% fewer splenocytes (i.e., JNK^+/+^ mice: 8 × 10^7^ cells/spleen; JNK2^−/−^ mice: 7 × 10^7^ cells/spleen; JNK1^−/−^: 3 × 10^7^ cells/spleen). From the total number of cells obtained per spleen and the percentages of CD8^+^ and CD4^+^ T cells, and the percentages of virus-specific T cells, the number of T cells per spleen specific for each immunodominant viral peptide can be calculated ([Fig. 3](#fig3){ref-type="fig"}) . Thus, JNK1^−/−^ had lower total numbers of virus specific CD8^+^ and CD4^+^ T cells than did JNK^+/+^ mice for all T cell epitopes tested ([Fig. 3, A and B](#fig3){ref-type="fig"}). In contrast, JNK2^−/−^ mice had significantly higher total numbers of virus-specific CD8^+^ T cells for both epitopes while the difference in the number of virus-specific CD4^+^ T cells was not statistically significant between JNK^+/+^ and JNK2^−/−^ mice (*P* \> 0.2). Acute VSV-infection gave similar results; smaller spleens and a significantly reduced number of VSV-specific CD8^**+**^ T cells were observed in JNK1^−/−^ mice compared with JNK^+/+^, and JNK2^−/−^ mice, thus showing that a second virus caused an equivalent phenotype to JNK1^−/−^ mice infected with LCMV (data not shown). When LCMV spleen memory cells were quantified (60 d after inoculation), the percentage of CD8^+^ T cells was equivalent in all three groups.

![The CD8^+^ T cell compartment does not expand in JNK1^−/−^ mice during the primary LCMV infection in comparison to JNK2^−/−^ and JNK^+/+^ mice but equivalent number of CD8^+^ T cell are noted 60 d later. JNK^+/+^, JNK1^−/−^, and JNK2^−/−^ mice were injected intraperitoneally with LCMV ARM 2 × 10^5^ PFU. Uninfected spleen cells and spleen cells 7 (D7) or 60 d (D60) postinfection were stained for CD4 and CD8. Data represent average values obtained from three animals per group and are representative of two independent experiments. Values written in the dot plots indicate the percentage of CD8^+^ T cells and the percentage of CD4^+^ T cells](011481f2){#fig2}

###### 

The number of virus-specific CD8^+^ T cells and CD4^+^ T cells is lower in JNK1^−/−^ mice than in either JNK2^−/−^ or JNK^+/+^ mice after LCMV infection. JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ mice were injected intraperitoneally with LCMV ARM, 2 × 10^5^ PFU. 8 d after infection, spleen were processed and stimulated for 5 h in vitro with virus-specific peptide GP aa 33--41, NP aa 396--404, GP aa 61--80, or NP aa 309--328. Cells were then stained for surface CD4 or CD8 and intracellular IFN-γ molecules. The number of virus-specific T cells was calculated from the number of total spleen cells obtained per animal. Data represent average values obtained from three animals per group and are representative of two independent experiments. (A) CD8^+^ T cells; (B) CD4^+^ T cells. \**P* \< 0.05 \#*P* = 0.052 when compared with JNK^+/+^.
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After LCMV Infection, Apoptosis Is Significantly Increased in JNK1^−/−^ Mice.
-----------------------------------------------------------------------------

We wished to distinguish whether the reduced number of T lymphocytes in JNK1^−/−^ mice during acute LCMV infection was due to a defect in proliferation or to enhanced apoptosis in JNK1^−/−^ T cells. Conze and colleagues in the accompanying paper report a decreased in vitro proliferation for purified naive CD8^+^ T cells in response to antibodies to CD3 and CD28 in JNK1^−/−^ compared with JNK^+/+^ mice, suggesting that JNK1^−/−^CD8^+^ T cells do not proliferate as much as JNK^+/+^ after activation via the TCR and costimulatory molecules. However, in our hands, culture with anti-CD3 and anti-CD28 antibodies of CD8^+^ T cells from acutely infected mice led to apoptosis of the majority of cells owing to their enhanced state of activation (data not shown).

The percentage of activated splenic T cells dying during the peak of the immune response were identified and quantified using the CD44 marker, which is highly expressed by the expanding population of T cells ([@bib42]). A lower percentage of CD8^+^ lymphocytes in JNK1^−/−^ than in JNK^+/+^ mice had acquired a CD44^hi^ phenotype at 8 d after LCMV infection (see [Fig. 4](#fig4){ref-type="fig"} A). By comparison, a higher percentage of JNK2^−/−^CD8^+^ T cells were CD44^hi^ compared with JNK^+/+^ cells. To evaluate apoptosis, CD8^+^CD44^hi^ were gated while excluding the dead cells that were 7AAD positive, thereby allowing an evaluation of the percentage of activated cells that were annexin-V positive. As shown in [Fig. 4](#fig4){ref-type="fig"}, the percentage of cells undergoing apoptosis amongst CD8^+^CD44^hi^ cells was significantly greater in JNK1^−/−^ mice than either JNK^+/+^ or JNK2^−/−^ mice. Increased apoptosis may likely account for the decreased number of virus specific CD8^+^ T cells found in JNK1^−/−^ mice. We looked at CD8^**+**^CD44^lo^ cells and found no significant difference in apoptosis between JNK1^−/−^ and JNK^+/+^ cells (data not shown).

###### 

During the acute infection, the number of splenic CD8^+^ T cells CD44^hi^ is lower in JNK1^−/−^ mice than in JNK2^−/−^ and JNK^+/+^ mice, and a greater proportion of these cells from JNK1^−/−^ undergo apoptosis. JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ animals were injected intraperitoneally with LCMV ARM 2 × 10^5^ PFU. 8 d after infection, spleen were processed to make single cell suspension devoted of red blood cells and stained directly for surface markers: CD4, CD8, and CD44 then annexin-V and 7AA-D were added. Data represent average values obtained from four animals per group and are representative of two independent experiments. The percentage of CD8^+^ or CD4^+^ that were CD44^hi^ are shown in the left, that were annexin V^+^ cells among the CD8CD44^hi^ or CD4CD44^hi^ on the right. (A) CD8^+^ T cells. (B) CD4^+^ T cells. \**P* \< 0.05 compared with JNK^+/+^.

![](011481f4a)

![](011481f4b)

Analysis of CD4^+^ T cells revealed fewer CD4^+^ T cells had acquired a CD44^hi^ phenotype in JNK1^−/−^ mice compared with JNK^+/+^ mice during the acute phase, but similar proportions occurred in the JNK2^−/−^ and JNK^+/+^ mice. Gating on the CD4^+^CD44^hi^ cells, a lower proportion of JNK2^−/−^ cells undergoing apoptosis (i.e., annexin-V positive) was found compared with JNK^+/+^ and JNK1^−/−^ cells ([Fig. 4](#fig4){ref-type="fig"} B).

To further characterize whether apoptotic pathways were more active in JNK^−/−^ versus JNK^+/+^, the expression of antiapoptotic proteins bcl-2 or bcl-X~L~ in CD8^+^ T cells from all three groups was evaluated. No significant differences were observed in either bcl-2 or bcl-X~L~ protein expression by flow cytometry for CD8^+^ T cells, for GP aa 33--41 or NP aa 396--404 tetramer-positive CD8^+^ T cells from JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ mice (data not shown) at 8 d after LCMV infection. In addition, no significant differences in levels of mRNA expression for bcl-2 and caspase genes families as measured by Rnase Protection Assay (RPA) was observed in RNA from CD8^+^ T cells obtained from JNK1^−/−^, JNK2^−/−^, or JNK^+/+^ mice at day 8 after LCMV-inoculation (data not shown).

CD8^+^ T Cell Expansion Is Enhanced in JNK2^−/−^ Mice After a Secondary Challenge with LCMV Compared with CD8^+^ T Cells from JNK^+/+^ Mice.
--------------------------------------------------------------------------------------------------------------------------------------------

To evaluate whether a deficiency in JNK1 or JNK2 could affect the long-term memory of CD8^+^ T cells, we measured the number of virus specific T cells during the memory phase using an ex vivo stimulation with LCMV-specific peptides GP aa 33--41 and NP aa 396--404. The number of memory cells measured at 60 d or more after initial LCMV infection was higher in JNK2^−/−^ mice but lower in JNK1^−/−^ when compared with JNK^+/+^ CD8^+^ T memory cells. The number of splenic CD8^+^ T cells producing IFN-γ after an in vitro stimulation with GP aa 33--41 was 5.2 × 10^5^ ± 2.3 × 10^4^, 9.0 × 10^5^ ± 9.4 × 10^4^, 6.8 × 10^5^ ± 9.2 × 10^4^ for JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ mice, respectively. This trend of lower expansion of memory CD8^+^ T cells in JNK1^−/−^ but a higher expansion in JNK2^−/−^ when compared with JNK^+/+^ mice was noted in all three experiments and in all three individually studied mice, although the differences were not statistically significant (*P* \> 0.2 for JNK2^−/−^ versus JNK^+/+^, and *P* \> 0.5 for JNK1^−/−^ versus JNK^+/+^).

JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ mice were rechallenged intravenously with Cl-13, a strain of LCMV that induces persistent infection by aborting anti-LCMV--specific CD8^+^ T cell response after primary infection ([@bib43]--[@bib45]). In our studies, the immunosuppressive Cl-13 was given to mice who already had undergone primary viral infection, cleared virus, and established and maintained CD8^+^ and CD4^+^ anti-LCMV memory T cells. LCMV-specific CD8^+^ ([Figs. 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}) and CD4^+^ T cells increased during the secondary challenge to a level comparable to the primary response. The expansion was observed for MHC class I--restricted epitopes GP aa 33--41 and NP aa 396--404 as well as MHC class II--restricted LCMV epitopes GP aa 61--80 and NP aa 309--328 (data for GP aa 33--41 shown on [Fig. 5](#fig5){ref-type="fig"} A and data for NP aa 396--404 shown on [Fig. 5](#fig5){ref-type="fig"} B). Similar to the primary response, the expansion of CD8^+^ T cells for both GP aa 33--41 and NP aa 396--404 immunodominant epitopes was significantly greater in JNK2^−/−^ mice than in JNK^+/+^ mice, suggesting that JNK2 plays a role in controlling of CD8^+^ T cell expansion in vivo. In contrast, despite the reduced burst size of JNK1^−/−^ mice during the primary response, the number of virus-specific T cells after a secondary challenge was comparable to that observed for JNK^+/+^ mice.

###### 

The number of splenic virus specific CD8^+^ T cells and CD4^+^ T cells is lower in JNK1^−/−^ mice than in either JNK2^−/−^ or JNK^+/+^ mice during the acute response but not during the secondary response. JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ mice were injected intraperitoneally with LCMV ARM 2 × 10^5^ PFU. Spleens were harvested at day 7, 8, 14, or 60 postinfection or 4 d after a challenge with Cl-13 (10^6^ PFU intravenously) in memory animals. Spleen cells were stimulated for 5 h in vitro with virus specific peptides GP aa 33--41 or NP aa 396--404, then stained for CD8 and intracellular IFN-γ. The number of virus specific T cells was calculated from the number of total spleen cells obtained per animal. Data represent average values obtained from three animals per group and are representative of two independent experiments. \**P* \< 0.05, \#*P* = 0.057 compared with JNK^+/+^.
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![The number of splenic virus specific CD8^+^ T cells is greater in JNK2^−/−^ mice than in either JNK1^−/−^ or JNK^+/+^ mice during the secondary response. JNK1^−/−^, JNK2^−/−^, and JNK^+/+^ mice were injected intraperitoneally with LCMV ARM 2 × 10^5^ PFU, rechallenged after 60 d with Cl-13 (10^6^ PFU intravenously), and spleens were harvested 4 d later. Spleen cells were stimulated for 5 h in vitro with virus specific peptides GP aa 33--41 or NP aa 396--404, then stained for CD8 and intracellular IFN-γ. The number of virus-specific T cells was calculated from the number of total spleen cells obtained per animal. Data represent average values obtained from three animals per group and are representative of three independent experiments. \**P* \< 0.05 when compared with JNK^+/+^.](011481f6){#fig6}

Discussion
==========

Our results show for the first time that JNK1 and JNK2 MAP kinases play distinctly different roles in the activation of CD8^+^ T cells after viral infection. Although both JNK1^−/−^ and JNK2^−/−^ mice cleared LCMV, the magnitude of their immune responses varied markedly. After an acute LCMV infection, JNK1^−/−^ mice did not show the characteristic 5- to 10-fold expansion of the splenic CD8^+^ T cells observed in immunocompetent JNK^+/+^ or JNK2^−/−^ mice. JNK1^−/−^ mice mounted LCMV-specific CTL responses, and their virus-specific CD8^+^ T cells produced IFN-γ and IL-2. However, at the peak of the primary response, the total number of JNK1^−/−^ splenocytes was ∼50% less than that of JNK^+/+^ mice and the number of virus specific CD8^+^ and CD4^+^ T cells was significantly reduced in JNK1^−/−^ mice. Similar results were found with VSV infection of JNK1^−/−^ and JNK^+/+^ mice suggesting the generality of our finding that JNK1 and JNK2 MAP kinases play distinctive and different roles in the activation of T cells after viral infection.

After LCMV-infection, fewer JNK1^−/−^ CD8^+^ T cells became activated and more of their CD8^+^CD44^hi^ T cells underwent apoptosis compared with the JNK^+/+^. This would in part explain the impaired expansion of CD8^+^ T cells in these mice. Moreover, naive CD8^**+**^ T cells from JNK1^−/−^ mice showed a decreased proliferation in response to antibodies to CD3 and CD28 compared with JNK^+/+^, suggesting that in addition to the enhanced apoptosis, a decreased proliferation might contribute to the decreased number of virus specific CD8^+^ T cells during cell activation. Interestingly, the reduced CD8^+^ T cell expansion in JNK1^−/−^ mice was observed only during the primary acute viral response, as the magnitude of their secondary (immune memory) response was similar to that of the JNK^+/+^ mice. In contrast, JNK2-deficient mice showed an increased expansion of virus-specific CD8^+^ T cells during the acute infection as well as during the secondary response. The enhanced expansion of virus specific CD8^+^ T cells coincided with an increased proportion of CD8^+^CD44^hi^ T cells compared with JNK^+/+^ mice.

Acute LCMV-infection triggers preferentially a Th1 response rather than a Th2 response ([@bib46]). Although it has been reported that in vitro differentiation of Th0 JNK2^−/−^ CD4^+^ T cells into Th1 is impaired ([@bib8]), our results indicate that in vivo JNK2^−/−^ CD4^+^ T cells were still capable of a similar virus-specific Th1 response during an acute viral infection, equivalent to CD4^+^ T cell response of JNK^+/+^ wild-type mice. Moreover, after acute LCMV infection, JNK2^−/−^CD4CD44^hi^ T cells experienced less apoptosis, suggesting that activated CD4^+^ T cells may enhance the antiviral response in JNK2^−/−^ mice by providing higher level of soluble mediators given that they were less inclined to die than CD4^+^ T cells from JNK^+/+^ mice. A second set of JNK1 and JNK2 deficient mice have been developed ([@bib47], [@bib48]). Analysis of the responses of mixed lymphocyte populations of these animals led the authors to conclude that JNK1 and 2 play a similar role in regulating IL-2 production and T cell proliferation ([@bib48]). Studies with purified CD4^+^ T cells from the mice of our present study showed no role for JNK in these functions for CD4^+^ T cells. However, as the studies of Sabapathy et al. used mixed cell populations, it remained possible that CD8^+^ T cell effects in these cell populations influenced these results ([@bib48]).

As mice deficient for either JNK1 or JNK2 showed a divergent phenotype in the expansion of CD8^+^ T cells during the primary response to a viral infection, we propose that these two MAP kinases have distinct roles in the activation of CD8^+^ T cells. JNK1^−/−^ and JNK2^−/−^ mice show a normal development of T and B lymphocytes ([@bib7], [@bib8]) and the differences observed here occurred during the differentiation of naive cells to fully activated cells. Many events lead to the differentiation of CD8^+^ T cells from a naive to an activated state including the ligation of the TCR and costimulatory molecules. Whereas naive T cells only express low levels of JNK, signals from both the TCR-CD3 complex and a costimulatory factor such as CD28 are necessary for the activation of JNKs ([@bib49]--[@bib51]). Additionally, many costimulatory molecules such as CD40, Ox40, 4--1BB, CTLA-4, LFA-1, and CD27 mediate their signaling through JNKs ([@bib13], [@bib52], [@bib53]), but the results of these studies did not discriminate among different JNKs. The precise identification of signaling pathways blocked by the absence of either JNK1 or JNK2 is complicated by numerous JNK isoforms and at least a dozen upstream MAP kinase kinase kinases that can activate the JNK pathway ([@bib3]). Nevertheless, we speculate that JNK1^−/−^ mice lack one or more positive signals necessary for controlling the survival and expansion of CD8^+^ T cells during an immune response. Given that we detected fully functional CD8^+^ T cells in both JNK1^−/−^ and JNK2^−/−^ mice as judged by antiviral CTL activity, IL-2 production, IFN-γ production, the impaired expansion of CD8^+^ T cells in JNK1^−/−^, and the enhanced expansion in JNK2^−/−^ suggest a role for these MAP kinases in controlling the degree (magnitude) rather than the functionality of the immune response.

Among all costimulatory molecules with a signaling pathway that could be partially or completely blocked in JNK1^−/−^ mice, 4--1BB is a compelling candidate. First, 4--1BB enhances CD8^+^ T cell proliferation and IFN-γ ([@bib54]--[@bib56]) and is more important for the stimulation of CD8^+^ T cells rather than CD4^+^ T cells ([@bib56], [@bib57]). Moreover, a role in long-term CD8^+^ T cell survival has been attributed to this costimulatory molecule ([@bib57]). Further, 4--1BB ligand knockout mice responded to acute LCMV infection much as JNK1^−/−^ mice did. That is, 4--1BBL^−/−^ mice eliminated LCMV with normal kinetics, but the expansion of their CD8^+^ T cells was two- to threefold lower than in wild-type mice ([@bib29]). Thus, the normal signaling pathway observed after the binding of 4--1BB to 4--1BBL could be affected by the absence of the MAP kinases (e.g., JNK1). Alternatively, other costimulatory pathways could be affected by the absence of either JNK1 or JNK2 with the 4--1BB/4--1BBL pathway simply representing one possibility.

Conze et al. ([@bib10]) have assessed the in vitro functionality of CD8^+^ T cells in JNK1^−/−^ and JNK2^−/−^ mice after polyclonal or mitogenic stimulation. The CD8^+^ T cells from JNK1^−/−^ proliferated less than JNK^+/+^ cells, possibly because of defective IL-2 production as well as decreased expression of IL-2 receptor (CD25). JNK1^−/−^ CD8^+^ T cells also produced a reduced amount of IFN-γ compared with JNK^+/+^ cells. These in vitro observations complement our in vivo findings of a decreased ability of CD8^+^ T cells to expand in JNK1^−/−^ mice infected with LCMV. However, we found no decrease in the amount of IL-2 or IFN-γ production or surface expression of CD25 by activated CD8^+^ T cells noted in the in vitro system of Conze et al. These discrepancies may reflect the different systems studied (i.e., in vitro polyclonal/mitogenic stimulation versus in vivo viral infection). During a viral infection, interactions implicating CD3 and CD28 and other costimulatory molecules likely occur in the activation of CD8^+^ T cells.

Previously, JNK was established as a key player in the polarization of CD4^+^ T cells ([@bib7], [@bib8]). Our study now shows that these MAP kinases are also important signaling pathways for activation of CD8^+^ T cells. Further, we show that individual members of the MAP kinase family have clearly distinguishable functions in vivo. The model of LCMV infection in JNK1^−/−^ mice should prove valuable for further evaluation of the specific contributions of JNK1, JNK2, and various isoforms to the activation of T cells. These properties may allow targeting of specific immune responses to decrease CD8^+^ T cell expansion without affecting overall quality of the response.
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